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ABSTRACT / /O/?? 

An investigation was conducted to determine the stress-strain behavior 

and tensile properties of metallic composites and to relate them to the 

properties of the base materials. Room temperature tensile and dynamic 

modulus tests were used to determine these properties. 

reinforced with either continuous or discontinuous tungsten fibers. 

tensile properties and stress-strain behavior of composites reinforced with 

either type of reinforcement were similar and in both cases, the full 

The composites were 

The 

strength of the fiber was utilized- j ( a l l ’ i - h ( d @  



- 2 -  

INTRODUCTION 

To meet the demand for improved s t ruc tura l  m a t e r i a l s ,  considerable 

e f fo r t  is being directed toward the creation of composite materials. 

such material under investigation is  the fiber-reinforced composite, i n  

One 

which a ductile, re la t ive ly  w e a k  matrix is reinforced with high-strength 

f ibers  . 
Sone work has been done on the  reinforcement of metallic matrices w i t h  

metallic f ibers  (refs. 1 t o  5)  a s  well as w i t h  ceramic whisker reinforce- 

ment (ref. 6). 

Machlin (ref. 7) and Baskey (ref. 8).  

Center of NASA (refs. 9 t o  12) has involved the making and tes t ing of com- 

posites composed of a f iber ,  tungsten, and a matrix, copper, which were 

insoluble i n  each other. 

between the ultimate tens i le  strength of the composites and the strengths 

and re la t ive  volume percents of the components. 

experimentally for  composites containing f ibers  extending the full length of 

the specimen as w e l l  as for composites reinforced with short length or dis- 

continuous fibers. 

t o  ll), additional data have been obtained. 

as w e l l  as analyses of the stress-strain behavior and the mechanics of de- 

formation of uniaxially oriented, fiber-reinforced metallic composites, i n  

which both components a re  mutually insoluble. 

Summaries of much of this work have been published by 

Work done a t  the Lewis Research 

An equation w a s  presented that showed the relat ion 

This re la t ion w a s  ver i f ied 

Since the publication of the preliminary resu l t s  (refs, 9 

T h l s  p p e r  presents these data 

EXPERIMENTAL PROCEDURE 

Composites were made with high-purity copper as the matrix and 

3-, 5- and 7-mil-diameter tungsten wire as the reinforcing fiber.  Some 
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specimens were made i n  which the reinforcing f iber  extended completely 

through the f u l l  length of the composite test  section, 

a lso made w i t h  short length (3/8 inch long) 5-mil-diameter tungsten f ibers  

as discontinuous reinforcement. 

copper into packed bundles of tungsten w i r e  a t  2200' F. Room-temperature 

tens i le  t e s t s  were conducted on the composites, s t ress-s t ra in  curves were 

obtained, and ultimate tens i le  strength and elongation w e r e  measured. 

Dynamic modulus of e least ic i ty ,  based upon the resonant frequency induced 

i n  the flexural mode of vibration, was also determined fo r  the composites 

and the components. 

dure employed i n  t h i s  investigation may be found i n  ref. 12. 

Composites were 

The specimens were prepared by inf i l t ra t ing 

A more detailed discussion of the experimental proce- 

RESULTS 

Room-temperature tens i le  tests were conducted on 3-, 5-, and 7-mil- 

diameter tungsten wires which had been annealed f o r  1 hr. a t  2200' F and 

show the tens i le  strength of the wires t o  be 331,000, 327,000, and 290,000 psi ,  

respectively. 

tions, the strengths were considered to  represent the strength of the f ibers  

i n  the composites throughout this study. 

Since a l l  the composites w e r e  i n f i l t r a t ed  under these condi- 

The average tens i le  strength of the annealed copper used 88 the matrix 

i n  t h i s  investigation w a s  27,800 psi. 

Results of room-temperature tensile tests on composites reinforced with 

3-, 5-, o r  7-mil-diameter tungsten fibers are pqotted as functions of compou 

si t im in Fig. 1. 

t o  11) as well a s  data more recently obtained. 

curve represents a prediction of tensi le  strength a s  a f'unction of composition; 

the calculation of t h i s  l i n e  was explained in  references 9 t o  11. 

These data represent p-evinzs2.y repute6  d a t a  ( refs ,  9 

The l i ne  shown on each 
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A similar plot is  presented in Fig. l(d) for composites reinforced 

with short length, discontinuous 5-mil-diameter tungsten fibers. Again, 

both the previously reported and the recent data are presented, and the 

Une shown is identical to that aham for 5-mil-diametes continuous-fiber- 

reinforced composites shown previously. 

A plot of percent elongation at failure of composites reinforced with 

5-mil-diameter continuous fibers as a function of volume percent fiber is 

shown in Fig. 2. 

under the conditions of infiltration, and the f i l l y  annealed copper. 

tion was measured *om the crosshead movement of the Instron tensile machine 

in which the material was tested. The elongation at fracture decreases with 

increasing fiber content within the range between the elongation of pure 

copper and that of the tungsten wire. 

at failure ranging from 1.3 to 2.9 percent, the composites show a much 

greater elongation. 

Also shown are the elongation of the tungsten wire annealed 

Elonga- 

While the fibers alone show elongation 

Stress-strain curves for copper, tungsten wire, and composites rein- 

forced with 3-, 5-, or 7-mil-diameter tungsten wire are shown in Fig. 3 ,  

The curves shown for the tungsten wire were taken from the crosshead motion 

of the tensile machine, while those for the composites and copper were de- 

termined by using an extensometer. 

ites and the tungsten wire reach their ultimate tensile strength at about 

1.4 percent strain. 

into plastic flow at a 'very low strain! while the t imgsten  is e b s t i z  

to about 0.4 percent strain. 

These curves show that both the compos- 

Furthemme, the curves show that the copper passes 

An enlargement of the low strain region of the curve is shown in 

Fig. 4. 

strain. 

The copper is strained elastically only to about 0.03 percent 

Beyond this, it is strained plastically, and the copper as well 
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as the composites show a change in the slope of their stress-strain curves. 

The slope of the stress-strain curve prior to the change in slope (-0.03 $) 

may be termed the initial modulus of elasticity, while the slope afterward 

may be called the secondary "modulus of elasticity." 

The secondary moduli for various copper-tungsten composites are plotted 

A least squares fit of the data shows an intercept of 56X106 psi in Fig, 5, 

at 100 percent tungsten and about 0.9x106 psi at 100 percent copper. 

Results of yield-strength determinations for composites reinforced 

with various amounts of continuous 5-mil-diameter tungsten fibers and 

plotted as a function of fiber content are depicted in Fig- 6. 

sults were obtained by using the 0,2-percent offset method, 

These re- 

Results of dynamic modulus of elasticity measurements made at room 

temperature on specimens reinforced with continuow or discontinuous fibers 

are shown in Fig, 7. 

DISCUSSION 

Prior to a description of the behavior of the composites, the following 

postulated stages of deformation should be considered: 

Stage I - Elastic deformation of fiber; elastic deformation of matrix. 
Stage I1 - Elastic deformation of fiberj plastic deformation of matrix, 
Stage I11 - Plastic deformation of fiber; plastic deformation of matrix. 
Stage N - Failure of fiber andmatrix- 

In preliminary studies (refs. 9 to ll), the authors showed that the 

tensile strength of' r . n m p s i f . p  cf c q ~ ~  reizf~rzed vith tiiiigdttii Iibers 

was a linear function of fiber content and could be represented by the 

following equation: 
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where the mainline symbols are  defined as 

u -  

A -  

u* - 

tensile strength 

area fraction or volume percent when unity length is considered 
and Af + A, = A, 5 1 

s t re s s  taken from the stress-strain curve a t  a strain equivalent t o  
that a t  which the ultimate tensi le  strength of the f iber  is achieved 

and the subscript symbols a re  defined as 

c - composite 

f - f ibe r  

m - matrix 

These previous studies discussed only stage I11 behavior, and the use of 

Eq. (1) was limited t o  the prediction of ultimate tens i le  strength of comws- 

i teszand made no attempt t o  predict the behavior of composites a t  any 

other value of s t ra in .  

Data obtained since the publication of the preliminary resu l t s  confirm 

These data, as w e l l  a B  additional work the resu l t s  previously reported. 

on the behavior of composites undergoing stages I, 11, and IV of deformation, 

are presented i n  this paper, 

General Equation fo r  Predicting Stresses i n  

Fiber -Reinforced Composites 

Analysis of these other stages of behavior shows that Eq. (1) may be 

modified s l ight ly  t o  a more general form t o  allow the prediction of the 

s t r e s s  on a composite a t  any value of s t ra in:  

The u**s used i n  this equation represent stresses a t  any particular value 

of s t r a i n  taken from the stress-strain curves of the components i n  the 
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condition in which they exis t  in the composite. 

behavior in fiber-reinforced composites w i l l  now be discussed, as w e l l  as  

forms of the general equation pertaining t o  those stages- 

The four stages of tensi le  

Stage I - Elastic Befarmation of Fiber: 

Elastic Deformation of Matrix 

Upon loading a composite in a tensil.6 t e s t ,  the initial s t r a i n  ob- 

served is e l a s t i c  for the f iber ,  the matrix, and the composite. 

matical expression for this behavior may be obtained by using Eq. ( 2 )  with 

the modification that the stresses taken from the s t ress-s t ra in  curves, 

when divided by equal e las t ic  strains,  represent the i n i t i a l  modulus of 

e las t ic i ty ,  and may be expressed by the following equation: 

A mathe- 

E, at Ef*f + EmAm (3) 

where E is the init ial  modulus of e las t ic i ty .  In  order t o  determine the 

behavior i n  this na,rrm region of strain,  l o w  strains were required and 

dynamic modulus tes t ing techniques w e r e  used. 

modulus of e l a s t i c i ty  as a function of f iber  content for composites rein- 

Fig, 7 shms a plot of dynamic 

forced with continuous or discontinuous f ibers  and shows that a straight- 

line re la t ion  exists. The line shown w a s  obtained by using the moduli of 

the two components as end points, as  predicted by Eq. (3) 

Stage 11 - Elast ic  Def-tion of Fiber; 

Plast ic  Deformation of Matrix 

As the s t r a in  is increased, the composite passes into the second stage 

examine the actual  s t ress-s t ra in  curves a t  strains larger than those 

representing onJy the e la s t i c  behavior of the leas t  e las t ic  component. 
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This analysis is necessary because the two materiala camprising the conpas- 

i t e  d o  not deviate f r o m  e las t ic  behavior a t  the same strain.  

Fig, 4 shows that the copper deviates from proportionality a t  about 

0,03 percent strain. Belax this strab, both cmpments are acting 

e las t ica l ly j  beyond this strain,  the copper is acting plastically.  This 

figure a l so  shows a change in slope f o r  a l l  of the other stress-strain 

curves regresenting the composite t e s t  specimens. Belaw t h i s  change i n  

slope, the composites a re  undergoing e l a s t i c  behavior, as described by 

stage I deformation. Above these strains, the slope of the copper curve 

is almost f l a t .  This gives r i s e  t o  a secondary "elastic" behavior of the 

composite, since the small portion of the load carried by the p las t ic  

copper is masked by the behavior of the tungsten. The slope of t h i s  

secondary e l a s t i c  portion of the curve of the composite is lower than the 

slope of the e l a s t i c  portion, since the slope of the s t ress-s t ra in  curve 

for  the copper i n  the composite has been reduced from 17,7X106 ps i  in the 

e l a s t i c  portion of the curve t o  about 0.2x106 ps i  i n  the plast ic  portion. 

Fig. 5 shows a plot of the secondary moduli of composites a s  a function 

of f iber  content. The l i n e  sham is a least squares f i t  of the data, This 

curve shaws that a linear relat ion exists between the secondary modulus and 

the fiber content, The behavior could be eqressed  by the following 

equation : 

EA = EfAf + ( - )  & 

E: - secondary modulus of e l a s t i c i ty  of composite 

( 4 )  

drfi - - slope of stress-strain cume of matrix a t  a given s t r a in  E 
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To determine whether deformation i n  this stage of deformation was 

e l a s t i c  or  plastic,  several specimens were tes ted by loading t o  a s t r a in  

where the copper matrix should have behaved plast ical ly ,  while the tung- 

sten remained elast ic ,  A ty-gkal stress-strajs curve C r b t a i m d  under 

these conditions (Fig. 8 )  shmed an i n i t i a l  linear slope, as predicted 

by Eqt (3), a change in slope, and a second linear slope corresponding 

t o  the secondary e las t ic  modulus, 

As loading was stopped, the curve exhibited a reduction in  s t ress  

with a0 accompanying change in strain. This is a f’unction of the servo- 

mechanism c i rcu i t  o f  the tensi le  testing nunchine, and t h i s  behavim has 

been noted i n  tests of pure copper and s t e a l  rod, a s  well a s  composites, 

and does not re f lec t  the behavior of the t e s t  specimen. 

The specimen was then unloaded. The i n i t i a l  slope of the unloading 

curve appeared t o  be para l le l  t o  the i n i t i a l  e l a s t i c  slope observed during 

loading. 

in slope w a s  a lso noted on unJ.oading. 

zero load, the slope was almost paral le l  t o  the secondary e l a s t i c  portion 

of the loading curve. 

retained in  the specimen after the hading-unloading cycle. 

relaxation of the servomechanism is compensated for, the permanent s e t  

would be reduced but would s t i l l  be present, 

Thus, the flrst contraction w a s  e l a s t i c  i n  character. A change 

For the remainder of the curve t o  

A small smut of permanent s e t  appeared t o  be 

If the load 

In conventionalmaterials, when the load is released, a l l  the con- 

t rac t ion  is elast ic ,  regardless ef‘ Vhether +&e mh-icl b d  “Uw deformed 

p las t ica l ly  or elast ical ly-  For copper-tungsten composites, the initial 

contraction is elast ic ,  but a f t e r  a small increment of e l a s t i c  contraction, 
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, 

the  remaining contraction is what might be called secondmy e l a s t i c  behavior, 

and a change i n  slope is  noted i n  the curve. 

cwve indicates t h a t ,  as on loading, the tuwsten f ibers  a re  acting elasti- 

ca l ly  while .the copper La plastic.  The ek is t ic  foroe on the f ibers  exerts 

a plast ic  compressive force on the copper matrix and contracts the copper, 

but these e las t ic  forces s r e  not strong enough t o  cause the comgbsite t o  

recover completely. 

the e las t ic  tens i le  forces i n  the fibers.  Because the composite cannot 

return t o  zero s t ra in ,  the composite shows a small amount of set during 

cyclic loading. 

This second portion of the 

Eventually the compressive forces i n  the copper balance 

Stage I11 - Plast ic  Deformation of Fiber; 

Plast ic  Defamation of Matrix 

With increasing s t ra in ,  both components of the composite pass in to  

p las t ic  flow. The stress-strain curves presented i n  Fig. 3 show that the 

ultimate tens i le  strengths of the composites or the f ibers  themselves w e r e  

achieved a t  about 1.2 t o  1.5 percent s t r a in .  

a l so  show that the stress on the copper specimens in  this s t r a in  range w a s  

about 8000 ps i  and did not increase significantly over the range of s t r a in  

plotted i n  these figures. This value was used f o r  cfg i n  Eq. ( 1). The 

data on the strength-composition curves shown i n  Fig. (1) show good agree- 

m e n t  with t h i s  equation. 

These s t ress-s t ra in  curves 

Since the ultimate tensile strength of the copper, w i t h  no fibers 

~ r e ~ e c t ?  is 27,!300  si, tk;ar; at BGZS ~ e r j ;  Z ~ i i  f ib i -  coiiteiit, where ine 

matrix i s  the major load-carrying component, any f i b e r s  present would not 

contribute substantially t o  the strength of the matrix and a f t e r  the f ibers  

had broken, the matrix would continue t o  s t r a in  and f ina l ly  reach i ts  
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ultimate tensile strength as  if no fibers w e r e  present. Although no data 

has been obtained for composites containing such very l o w  f iber  contents, 

calculations were presented i n  references 9 t o  ll t o  allow the prediction 

of the t r t n r a i h  streqgth of composites i n  this region and alao t o  predict 

the f iber  content below which effective reinforcement would not take place. 

In addition t o  tensile strength, yield strength was a l so  determined 

by using the 0.2 percent offset  method. 

obtained for  composites, copper, and tungsten. The data were obtained 

from stress-strain curves. It is evident that a line& relat ion exis ts  

here also.  

strength should a l so  pertain t o  the yield strength of composites. 

termination of yield strength in  tungsten-fiber-reinforced copper compos- 

i tes is complicated by the fact that there are two linear portions of the 

s t ress-s t ra in  curve. Since a line, offset  0.2 percent and w a l l e l  t o  the 

slope of the l inear  portion of the curve, is used i n  the determination of 

yield strength, two yield strengths ( i n i t i a l  and secondary) are obtained 

depending upon which slope is  used. 

obtained will increase with decreasing f ibe r  content. Because of the small 

increment of s t r a in  over which stage I behavior occurs, the yield strength 

obtained through conventional m e a n s  nay be missed ent i re ly  unless very 

sensi t ive instrumentation is used. merefore, for  composites, it may be 

more pract ical  t o  use the slope of the  stage I1 behavior, since it covers 

a much w i d e r  range cf sf_rair? a d  is zcre casia- iii-s-~=e&. 

termed a secondary yield strength. 

F i g .  6 shows a plot of such data 

Thus, the discussion previously made for  the ultimate tensile 

The de- 

The difference between the two values 

Elis may be 
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Stage IV - Failure of Fiber-Reinforced Metallic Composites 

The final stage of deformation of the composite occurs after the com- 

posite has reached its ultimate strength. 

Fig* 3 show that tpi4 strewee on tihe composites and the fiber8 reach a maxi- 

mum and then gradually drop off t o  failure. 

elongation a t  failure as a function of f iber  content. 

alone exhibited f r o m  1.3 t o  2.9 percent elongation a t  fa i lure ,  the compos- 

i t e  show a much greater elongation. 

Stress-strain curves shown i n  

Fig. 2 shows a plot of percent 

While the f ibers  

It is postukted that the greater elongation a t  f%ilure exhibited 

by the composites over that exhibited by the inaividual f ibers  i s  due t o  

a progressive failure mechanism. As the specimen is strained, the weakest 

f i be r  eventually breaka. 

points, a t  random locations. Eventually an accumulation of random fa i lures  

i n  a given cross section occurs and resul ts  i n  failure of the remainder of 

the fibers.  The load on the specimen is then impressed ent i re ly  upon the 

matrix. The amount t h a t  the matrix continues t o  s t ra in  after fYacture of 

the reinforcing f ibers  depends uwn the amount of matrix material remaining. 

If suff ic ient  matrix were present, elongation continues as i f  no f ibers  

were present, since only the matrix is straining. 

were low,  then only a small additional amount of s t r a i n  w i l l  occur before 

the specimen ?ails. 

Fig. 9 shows the fracture  edge of a composite. 

After this, other f ibers  break a t  the i r  weakest 

If the matrix content 

Metallographic evidence seems t o  verify these concepts. 

Necking of both the individual 

fihe-pc +ha n h m r r r r r 4 + -  ---.----A -L LL- n - - - L  _ _ _ _ -  -.- vu- uvuryvpruG -0 U ~ - C . U A G U  QIC, ULP I L U G L , L . U - ~  e k e ,  w i i i i e  some f ibers  

have broken a t  random points along their  length away from the fracture edge. 

Higher magnification examinations of the random location breaks also showed 

necking of the f ibers  a t  these breaks. 
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c ONCLUSI ONS 

The resu l t s  of t h i s  investigation of the s t ress-s t ra in  behavior of 

tungsten-fiber-reinforced copper composites leads t o  the following conclusions: 

I, Stress-strain behavior of composites of this type show that all 

stages of deformation may be represented by the following general equation: 

(JC * = O$Af + 0 3 ~  

2, Four stages of deformation were observed. 

(a)  Upon i n i t i a l  loading, the deformation of the matrix and fiber 

is  e l a s t i c j  the composite deforms elastically. Behavior i n  

the i n i t i a l  e l a s t i c  region may be defined by the equation: 

(b) With increasing stress, the matrix deforms plastically,  while 

the f iber  remains e l a s t i c j  :the composite ex$%ibitB secondary 

"elastic" behavior. Behavior in t h i s  region may be defiagd 

by the equation: 

EA = E p f  + 

( c )  With increasing stress, 

f ibe r  becomes p k s t i c j  

(*) %1 

the deformation of the matrix and the 

the composite deforms plastically.  

Behavior i n  the plastic region may be expressed by the 

general equation. 

(dj "he fourth stage represents deformation, subsequent t o  the 

attainment of the ultimate tensi le  strength, i n  which the 

f ibers  f a i l  a t  random points of weakness and an accumulation 

of random fai lures  resul ts  i n  failure of the composite. 



Lo 
M cn 
rl 
I w 

- 14 - 

3. The ultimate tensile strength of the composites is proportional 
! 

to the fiber content and the properties of the components as shown by the 

equation : 

UC = OfAf + 

4. Elongation of the composite, at failure, decreased with increasing 

fiber content. 

which had been tested individually. 

The composites showed greater elongation than the fibers 

5. Composites reinforced with discontinuous fibers were filly as 

efficient as those reinforced with continuous fibers and were found to 

utiliae the full strength of the fibers. The discontinuous-fiber-reinforced 

composites displayed the same behavior as the continuous-fiber-reinforced 

composites and obeyed the same equations. 
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Fig. 2. - Elongation at failure of composites reinforced with 
continuous 5-mil-diameter tungsten fibers. 
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Fig. 5. - Secondary modulus of elasticity for composites re- 
inforced with tungsten fibers. 
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Fig. 6 .  - Yield strength (based on secondary modulus) of 

composites reinforced with continuous 5-mil-diameter tung- 
sten fibers. 
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(b) Discontinuous. 

Fig. 7. - Dynamic modulus of elasticity of 
tungsten, copper, and composites rein- 
forced with continuous and discontinuous 
5-mil-diameter tungsten fibers. 
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